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Entanglement swapping, the process to entangle two particles without coupling them in any
way, is one of the most striking manifestations of the quantum-mechanical nonlocal characteristic.
Besides fundamental interest, this process has applications in complex entanglement manipulation
and quantum communication. Here we report a high-fidelity, unconditional entanglement swapping
experiment in a superconducting circuit. The measured concurrence characterizing the qubit-qubit
entanglement produced by swapping is above 0.75, confirming most of the entanglement of one qubit
with its partner is deterministically transferred to another qubit that has never interacted with it.
We further realize delayed-choice entanglement swapping, showing whether two qubits previously
behaved as in an entangled state or as in a separable state is determined by a later choice of the
type of measurement on their partners. This is the first demonstration of entanglement-separability
duality in a deterministic way.
PACS numbers:
Quantum entanglement, lying at the heart of the
Einstein-Podolsky-Rosen (EPR) paradox [1], is one of
the most striking features of quantum mechanics. When
two particles are put in an entangled state, they can ex-
hibit nonlocal correlation that cannot be interpreted in
terms of any classical model as evidenced by violation
of Bell’s inequalities [2, 3]. In addition to fundamental
tests of quantum mechanics, entanglement is an essential
resource for many quantum information tasks, such as
quantum teleportation [4] and measurement-based quan-
tum computation [5]. The nonlocal characteristic of
quantum-mechanical wave functions allows two particles
that have never interacted to be put into an entangled
state by means of entanglement swapping [6]. The pro-
cess is illustrated in Fig. 1, where the two qubits (Q1 and
Q4) to be entangled are first entangled with their respec-
tive partners (Q2 and Q3): Q1 and Q2 form the first en-
tangled Bell pair, while Q3 and Q4 form the second pair.
Then a joint Bell state measurement applied to the part-
ners Q2 and Q3 will project the remaining two qubits,
Q1 and Q4, to one of four possible Bell states; which en-
tangled state is produced depends on the outcome of the
Bell state measurement. Aside from fundamental inter-
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est, entanglement swapping has practical applications in
quantum communication [7] and in multipartite entangle-
ment manipulation necessary for construction of complex
quantum networks [8].
Entanglement swapping has been experimentally
demonstrated with photonic qubits [9–17]. However, in
these optical experiments, entanglement was swapped
conditional on the occurrence of preset photon coinci-
dence events. These events were detected only in a
small fraction of experimental runs due to the photon
loss on optical components, lack of logic operations to
completely distinguish all four Bell states, and restric-
tion of photon detectors’ efficiency [17]. Experiments
have realized heralded entanglement between two spa-
tially separated atomic qubits, each entangled with its
emitted photons before a partial Bell state analysis on
these photons [18, 19]; the entanglement was swapped
also with a small probability. With photonic continu-
ous variables, unconditional entanglement swapping has
been reported [20, 21], but where only a small portion
of entanglement was preserved after swapping due to the
limitation of the degree of entanglement carried by the
original entangled beams, which is the main source of
the infidelity for teleportation of a continuous-variable
state [22]. Although unconditional teleportation has
been demonstrated with different kinds of matter qubits,
including nuclear magnetic resonance [23], trapped ions
[24, 25], and superconducting qubits [26, 27], where the
teleported states were preset and known to the experi-
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FIG. 1: Sketch of entanglement swapping. Initially, Q1 is
entangled with Q2 in a Bell state, and Q3 with Q4, but there
is no correlation between Q1 and Q4. A joint measurement
on Q2 and Q3 in the Bell basis will project Q1 and Q4 to one
of four possible Bell states depending on the outcome of the
Q2-Q3 measurement.
menters, deterministic, high-fidelity entanglement swap-
ping has only been realized in an ion trap [28]. As pointed
out in Ref. [10], entanglement swapping is the only
known procedure that demonstrates the quantum nature
of teleportation−the qubit whose state is to be teleported
is entangled with another qubit, rendering it impossible
to know this state. When realized in a delayed-choice
manner [29], this process reveals a more striking feature,
that is, one can a posteriori determine two already de-
tected particles previously behaved as an entangled pair
or as a separable pair.
We here implement a deterministic entanglement
swapping experiment with superconducting qubits (la-
beled from Q1 to Q4). Our results show that Q1 and Q4,
although never coupled to each other, are highly entan-
gled after the swapping process, with the measured con-
currence above 0.75. Unlike previous experiments with
photonic qubits, the Bell states are produced determin-
istically and the measurement is single shot, so that the
entanglement is swapped unconditionally. We note that
an entanglement swapping experiment also with super-
conducting qubits was briefly mentioned in a recent re-
view [30], but no experimental details have been released
up to now. We further realize a delayed-choice entan-
glement swapping experiment [29], where we choose to
perform a Bell state measurement or a separable-state
measurement on Q2 and Q3 after Q1 and Q4 have been
detected. The results demonstrate this later choice de-
cides the previous behavior of Q1 and Q4−whether they
were entangled or separable. This implies that entan-
glement is not a reality, but is a manifestation of the
statistical correlation of the measured data; the same set
of data may show different types of correlations and have
different interpretations when grouped in different man-
ners.
The device used to perform the experiment swapping is
identical to that used in Ref. [31], where a resonator with
a fixed frequency ωr/2pi = ×5.588 GHz is controllably
coupled to five superconducting Xmon qubits, whose
frequencies can be individually adjusted on nanosecond
timescales using flux bias lines. The device is sketched
in Fig. 2(a), and the optical image shown in Fig. 2(b).
Throughout the experiment, Q5 (unused) is tuned far off
resonance with the resonator and the other qubits, and
will not be included in the description of the system. The
parameters of the system are detailed in the Supplemen-
tal Material [32]. All the qubits and the resonator are ini-
tially in their ground states. The experiment starts with
applying pi pulses to Q1 and Q3, transforming each of
them from the ground state |0〉 to the excited state |1〉 at
its idle frequency, with the experimental sequence shown
in Fig. 2(c). Then the qubit pairs Q1-Q2 and Q3-Q4 are
red detuned from the resonator by ∆1 = ∆2 = 2pi × 308
MHz and ∆3 = ∆4 = 2pi × 238 MHz, respectively. With
this setting, the resonator will not exchange photons with
the qubits and remain in the ground state, but it can si-
multaneously mediate two entangling gates, each operat-
ing on one qubit pair [35–39], with the coupling between
these two qubit pairs being negligible owing to their large
detuning [39].
The qubit pair, Qj-Qk (j = 1, k = 2 or j = 3,
k = 4), evolves to the Bell state
∣∣∣Ψ+j,k〉 = (|1j〉 |0k〉 +
i |0j〉 |1k〉)/
√
2 after the corresponding
√
iSWAP gate.
As soon as
∣∣∣Ψ+j,k〉 is generated, Qj and Qk are de-
tuned from each other to stop their coupling. The mea-
sured density matrices for these two produced entangled
pairs are displayed in the Supplemental Material [32].
Their fidelities to the ideal Bell states are, respectively,
F1,2 = 0.982± 0.006 and F3,4 = 0.978± 0.007.
The product of the two Bell states
∣∣Ψ+1,2〉 and ∣∣Ψ+3,4〉
can be expanded as
|ψ〉 = 12 [−i
∣∣Ψ+2,3〉 ∣∣Ψ−1,4〉+ i ∣∣Ψ−2,3〉 ∣∣Ψ+1,4〉
+
∣∣Φ+2,3〉 ∣∣Φ+1,4〉− ∣∣Φ−2,3〉 ∣∣Φ−1,4〉], (1)
where
∣∣∣Ψ±j,k〉 = (|1j〉 |0k〉 ± i |0j〉 |1k〉)/√2 and ∣∣∣Φ±j,k〉 =
(|1j〉 |1k〉 ± i |0j〉 |0k〉)/
√
2. To realize entanglement
swapping, we perform a measurement on Q2 and Q3
in the Bell basis
{∣∣Ψ+2,3〉 , ∣∣Ψ−2,3〉 , ∣∣Φ+2,3〉 , ∣∣Φ−2,3〉}, which
will project Q1 and Q4 to one Bell state. A com-
plete Bell state measurement can be implemented by
mapping the Bell basis onto the computational basis
{|02〉 |03〉 , |02〉 |13〉 , |12〉 |03〉 , |12〉 |13〉} through a dressed-
state phase gate [40, 41]. We note that the
√
iSWAP
gate only transforms two out of the four Bell states into
product states, and thus cannot be used for deterministi-
cally distinguishing all the Bell states. To implement the
dressed-state phase gate between Q2 and Q3, we tune
Q1 and Q4 back to their idle frequencies, so that nei-
ther of them can interact with other qubits, and then
red detune Q2 and Q3 from the resonator by the same
amount ∆
′
2 = ∆
′
3 = 2pi × 308 MHz, switching on their
interaction via the resonator-induced virtual photon ex-
change, with the coupling strength λ2,3 = 2pi×1.14 MHz.
At the same time, we apply a resonant continuous drive
to each of these two qubits, whose phase is inverted in
the middle of the two-qubit interaction with a duration
τ2,3 = pi/2λ2,3. When the difference of the Rabi fre-
quencies of these two drives is much larger than λ2,3, a
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FIG. 2: Device schematic and pulse sequence. (a) Device
schematic. Five superconducting Xmon qubits (labeled from
Q1 to Q5) are capacitively coupled to a bus resonator R. The
frequency of each qubit can be adjusted quickly, enabling the
relevant qubit-resonator interaction as well as the resonator-
induced qubit-qubit couplings to be effectively switched on
and off. (b) Optical image of the device. (c) Experimental
sequence. The procedure consists of three parts: Generation
of Bell states for qubit pairs Q1-Q2 and Q3-Q4 via resonator-
mediated
√
iSWAP gates following pi pulses applied to Q1
and Q3; complete Bell state measurement on Q2 and Q3,
achieved by subsequentially applying a dressed-state phase
gate on Q2 and Q3 and performing a joint detection in the
basis {|02〉 |03〉 , |02〉 |13〉 , |12〉 |03〉 , |12〉 |13〉}; 2-qubit quantum
state tomography for Q1 and Q4. The detailed pulse sequence
is shown in Fig. S3(a) of the Supplemental Material [32].
dressed-state phase gate between Q2 and Q3 is achieved.
As a result, the four Bell states of Q2 and Q3 evolve as
(see Supplemental Material [32])∣∣Ψ+2,3〉 → i |02〉 |13〉 , ∣∣Ψ−2,3〉→ |12〉 |03〉 ,∣∣Φ+2,3〉 → i |02〉 |03〉 , ∣∣Φ−2,3〉→ |12〉 |13〉 . (2)
The combination of this transformation and the subse-
quent detection of Q2 and Q3 in the computational basis
{|02〉 |03〉 , |02〉 |13〉 , |12〉 |03〉 , |12〉 |13〉} effectively realizes
the complete Bell state analysis, enabling us to distin-
guish all the four Bell states. Consequently, Q1 and
Q4 are randomly projected onto one of the four Bell
states
{∣∣Φ+1,4〉 , ∣∣Ψ−1,4〉 , ∣∣Ψ+1,4〉 , ∣∣Φ−1,4〉} depending on the
Q2-Q3 measurement outcome. During the Q2-Q3 Bell-
state measurement, Q1 and Q4 respectively stay at their
idle frequencies, so that the interactions of each of them
with the resonator and with any other qubit are effec-
tively switched off due to the large detunings.
After the Bell state analysis, we perform joint 2-qubit
state tomography to reconstruct the density matrix for
Q1 and Q4. The measured density matrices of Q1 and
Q4 conditional on the measurement outcomes |02〉 |03〉,
|02〉 |13〉, |12〉 |03〉, and |12〉 |13〉 of Q2 and Q3 are dis-
played in Figs. 3(a)-(d), respectively. The readout er-
ror of each qubit is corrected when reconstructing these
density matrices. Ideally, for these four outcomes Q1
0
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FIG. 3: Measured Q1-Q4 density matrices conditional on the
four Q2-Q3 measurement outcomes: (a) |02〉 |03〉; (b) |02〉 |13〉;
(c) |12〉 |03〉; (d) |12〉 |13〉. The results are obtained with the
experiment sequence shown in Fig. 2(c). Each matrix ele-
ment is characterized by two color hbars, one for the real part
and the other for the imaginary part. The black wire frames
denote the matrix elements of the ideal output states.
and Q4 are projected onto
∣∣Φ+1,4〉, ∣∣Ψ−1,4〉 , ∣∣Ψ+1,4〉, and∣∣Φ−1,4〉, respectively. The fidelities for the four obtained
Bell states to the ideal ones are FΦ+ = 0.893 ± 0.010,
FΨ− = 0.879 ± 0.010, FΨ+ = 0.872 ± 0.011, and FΦ− =
0.884±0.010, with the concurrences CΦ+ = 0.794±0.020,
CΨ− = 0.779 ± 0.020, CΨ+ = 0.758 ± 0.024, and CΦ− =
0.785 ± 0.021, respectively. These results show that Q4
(Q1) inherits most of the entanglement of Q2 with Q1
(Q3 with Q4) after the swapping, which is in stark con-
trast with experiments with photonic continuous vari-
ables [20, 21], where only a small portion of entanglement
is inherited (e.g., about 29% in Ref. [20]). As the readout
error of each qubit is corrected when reconstructing the
Q1-Q4 output density matrices, the infidelities mainly
come from imperfect preparation of the Q1-Q2 and Q3-
Q4 Bell states, imperfection of the Q2-Q3 dressed-state
phase gate, and decoherence effects of Q1 and Q4 during
this gate.
We note that the deterministic entanglement swap-
ping requires reliable Bell state measurement on Q2 and
Q3, whose performance depends on the quality of the
dressed-state phase gate and the single-shot state read-
out fidelities of Q2 and Q3. The fidelity of the dressed-
state phase gate is Fgt ≈ 0.966, while the average read-
out fidelities of Q2 and Q3 are F2 = 0.95 and F3 = 0.94,
where Fj = (F0,j + F1,j)/2, with F0,j and F1,j denot-
ing the |0〉- and |1〉-state readout fidelities of Qj , whose
values are listed in Table S1 of the Supplemental Mate-
rial [32]. Without readout error corrections, the average
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FIG. 4: Measured Q1-Q4 density matrices conditional on outcomes of delayed-choice Q2-Q3 measurement. (a)-(d) Results ob-
tained from the four subsets of data correlated with the outcomes {|02〉 |03〉, |02〉 |13〉, |12〉 |03〉, |12〉 |13〉} of Q2-Q3 measurement
performed after the dressed-state phase gate. Compared with Fig. 2(c), the temporal orders of Q2-Q3 Bell measurement and
Q1-Q4 joint state tomography are inverted, with the experimental pulse sequence shown in the Supplemental Material [32].
(e)-(h) Results obtained from the four subsets of data correlated with the outcomes of the later Q2-Q3 measurement without
the dressed-state phase gate.
measurement fidelity of the four Bell states is roughly
FgtF2F3 ≈ 0.863, and each of the four corresponding
Q1-Q4 output states, as shown in Fig. S4 of the Sup-
plemental Material [32], has a fidelity above 0.76 and a
concurrence exceeding 0.54.
Going one step further, we delay the Q2-Q3 Bell state
measurement until the joint Q1-Q4 state has been de-
tected. The detailed pulse sequence is shown in Fig.
S3(b) of the Supplemental Material [32], where the Q2-
Q3 readout pulse is applied about 219 ns after the end
of Q1-Q4 readout pulse. Since the correlation between
the outcomes of Q2-Q3 measurement and Q1-Q4 mea-
surement is independent of their temporal order, this
arrangement will result in entanglement swapping in a
delayed manner [29]. According to Q2-Q3 Bell state
measurement outcomes, the data of Q1-Q4 joint state
measurement are sorted into four subsets, from which
four density matrices are reconstructed, and shown in
Figs. 4(a)-(d). As in the nondelayed case, these four
density matrices correspond to four Bell states, with the
respective fidelities FΦ+=0.891 ± 0.012, FΨ−=0.891 ±
0.012, FΨ+=0.896± 0.010, and FΦ−=0.897± 0.010, and
concurrences CΦ+=0.815 ± 0.026, CΨ−=0.816 ± 0.024,
CΨ+=0.806 ± 0.022, and CΦ−=0.807 ± 0.019. The fi-
delities and concurrences are slightly higher than those
in the nondelayed case due to the fact that Q1-Q4 joint
state is detected earlier so that the measured data are
less affected by decoherence effects.
We also perform another experiment, where we choose
to measure Q2 and Q3 in the computational basis
(without performing the dressed-state phase gate be-
fore detection of their states). Again, this measure-
ment is performed after Q1-Q4 joint state detection,
with the pulse sequence shown in Fig. S3(c) of the
Supplemental Material [32]. The density matrices re-
constructed from the four subsets of Q1-Q4 measure-
ment data, each associated with one of Q2-Q3 measure-
ment outcomes {|02〉 |03〉 , |02〉 |13〉 , |12〉 |03〉 , |12〉 |13〉},
are presented in Figs. 4(e)-(h), respectively. As ex-
pected, these matrices correspond to product states
{|11〉 |14〉 , |11〉 |04〉 , |01〉 |14〉 , |01〉 |04〉} with the fidelities
{0.907±0.011, 0.914±0.009, 0.930±0.009, 0.949±0.008}.
The concurrence associated with each of these recon-
structed matrices is approximate to 0 (see Table S4 of
the Supplemental Material [32]).
The above results demonstrate whether or not the al-
ready measured qubits Q1 and Q4 previously behaved
as an entangled pair depends on the later choice of the
type of measurement on Q2 and Q3. As a generalization
of Wheeler’s delayed-choice experiment proposed for il-
lustrating the wave-particle duality of a single particle
[42], the delayed-choice entanglement swapping experi-
ment reveals the entanglement-separability duality of two
particles [43]. A realization of this gedanken experiment
was previously reported with photonic qubits [17], but
where only two out of four basis states could be distin-
guished in each of the two mutually exclusive measure-
ments, so that the entanglement-separability duality was
only partially demonstrated: Whether the Q1-Q4 states
associated with the two indistinguishable Q2-Q3 basis
states manifested a quantum or a classical correlation
could not be confirmed. Another problem is only a small
fraction of events coinciding with the distinguishable ba-
sis states was detected owing to the photon loss on op-
tical components (only 4.4% photons left) and nonunity
photon detection efficiency.
5We have demonstrated deterministic entanglement
swapping with superconducting qubits controllably cou-
pled to a resonator. The qubit-qubit couplings mediated
by the resonator allows for both the controlled generation
of the Bell states and complete Bell state analysis. We
have further deterministically realized delayed-choice en-
tanglement swapping, demonstrating whether two qubits
exhibited entangled or separable behavior can be a poste-
riori decided after they have been measured. Our results
indicate quantum entanglement of two quantum systems
is a manifestation of the statistical correlations of the
measured data, instead of a reality.
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1. DEVICE PARAMETERS
The device used to perform the present experiment
is the same as that reported in Ref. [1], where five
frequency-tunable superconducting Xmon qubits, labeled
from Q1 to Q5, are capacitively coupled to a common
resonator. In our experiment, Q5 is not used. The full
Hamiltonian of the system can be described as
∗Electronic address: zbyang@fzu.edu.cn
†Electronic address: kaixu@iphy.ac.cn
‡Electronic address: t96034@fzu.edu.cn
H = ~ωra+a+ ~
5∑
j=1
ωjS
+
j S
−
j + ~
5∑
j=1
gj(S
+
j a+ S
−
j a
+)
+ ~
∑
j,k
λcj,k(S
+
j S
−
k + S
+
k S
−
j ). (S1)
Qubit frequencies ωj/2pi are individually tunable from
5 to 6 GHz while the resonator frequency ωr/2pi is fixed
at about 5.588 GHz. gj is the coupling strength between
qubit Qj and the resonator with the magnitude listed in
Table S1. By equally detuning the frequency of any two
qubits far away from that of the resonator, we can real-
ize the effective qubit-qubit interaction with the coupling
strength of gjgk/∆ (∆ = ωj−ωr = ωk−ωr, |∆|  gj , gk),
which enables realizations of the
√
iSWAP gate and
dressed-state phase gate used in the experiment. Note
that except for the dominant resonator-mediated inter-
action, there exists very small direct couplings λcj,k in the
system which have been reported elsewhere in similar de-
vices [2, 3].
Characterization of qubit performance is presented in
Table S1. For technical details about the superconduct-
ing qubits, see Supplemental Material of Ref. [2], which
shares similar control methods to our experiment.
2. CHARACTERIZATION OF BELL STATES
PRODUCED BY
√
iSWAP GATES
The original Q1-Q2 and Q3-Q4 Bell states are pro-
duced simultaneously [2]. The parallel operations for
generating these entangled states are realized by tuning
the frequencies of these two qubit pairs to 5.28 GHz and
5.35 GHz, respectively. This frequency setting enables
the resonator to mediate two independent qubit-qubit
swapping interactions, one between Q1 and Q2 and the
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2ωj/2pi (GHz) T1,j (µs) T
∗
2,j (µs) T
SE
2,j (µs) T
DD
φ,j (µs) gj/2pi (MHz) 1/κ
r
j (ns) F0,j F1,j
Q1 5.229 27.1 2.0 6.2 59.2 20.8 219 0.975 0.927
Q2 5.311 27.1 2.6 8.7 33.2 19.9 203 0.975 0.925
Q3 5.366 24.0 2.0 6.4 55.5 20.0 315 0.961 0.919
Q4 5.421 18.1 2.0 7.6 45.2 19.4 313 0.979 0.822
TABLE S1: Qubits characteristics. ωj/2pi is the idle frequency of Qj where single-qubit rotation pulses and tomographic
pulses are applied. T1,j and T
∗
2,j are the energy relaxation time and Ramsey dephasing time of Qj (Gaussian decay) respectively
measured at the idle point. T SE2,j is the dephasing time (Gaussian decay) with spin echo, while T
DD
φ,j denotes the dephasing time
(exponential decay) under continuous driving for dynamical decoupling [3]. The continuous driving is used in our experiment as
it protects the qubits from dephasing much more effectively compared with the spin-echo technique. gj is the coupling strength
between Qj and the bus resonator, κ
r
j represents the linewidth of the readout resonator for measuring the state of Qj . F0,j
(F1,j) is the probability of detecting Qj in |0〉 (|1〉) when it is prepared in |0〉 (|1〉) state.
other between Q3 and Q4. We note that the magni-
tude of the measured coupling λj,k between qubits Qj
and Qk is slightly smaller than the calculated resonator-
induced coupling. This is due to the fact that direct
coupling between these qubits with an opposite sign
partly cancels out the resonator-induced coupling [2, 3].
We characterize the Bell states generated via the cor-
responding
√
iSWAP gates through joint state tomogra-
phy, with the Q1-Q2 and Q3-Q4 density matrices dis-
played in Fig. S1(a) and (b), respectively. The en-
tanglements in the Bell states are characterized by the
magnitudes of the off-diagonal matrix elements ρ01,10
and ρ10,01, which are about 0.49 for both produced Bell
pairs. The fidelities of these produced Bell states are
respectively F1,2 =0.982±0.006 and F3,4 =0.978±0.007.
The populations of |01〉 |12〉 |03〉 |14〉, |01〉 |12〉 |13〉 |04〉,
|11〉 |02〉 |03〉 |14〉, and |11〉 |02〉 |13〉 |04〉 in the joint com-
putational basis of the four qubits are 0.248±0.003,
0.241±0.006, 0.247±0.003, and 0.240±0.004, respec-
tively. Slight deviations of these populations from 1/4
are due to decoherence effects of these qubits and limited
detunings between each pair of qubits and the resonator
and between these two qubit pairs.
Imaginary
Real
-0.6 0.0   0.6
0 1
(a) (b)
FIG. S1: Measured density matrices of Bell states produced via√
iSWAP gates. (a) Q1-Q2 density matrix. (b) Q3-Q4 density
matrix. Each qubit pair is prepared in the state |1〉 |0〉 before the
corresponding
√
iSWAP gate. The real and imaginary parts of each
matrix element are separately characterized with two different color
bars. The black wire frames represent the matrix elements of the
ideal Bell states.
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FIG. S2: Characterization of dressed-state phase gate. (a) Mea-
sured χ matrix for the dressed-state phase gate in the Pauli basis.
The real and imaginary parts of each element are plotted separately
with different colorbars. The black wire frames represent the ele-
ments of ideal χ. (b) Randomized benchmarking by inserting the
dressed-state phase gate between random single-qubit Pauli gates.
Plotted are the corrected probability of |00〉 state after a series of
random Pauli gates with (red) and without (blue) the dressed-state
phase gate inserted.
3. COMPLETE BELL STATE MEASUREMENT
In our experiment, the Q2-Q3 Bell state measure-
ment is enabled by a dressed-state phase gate realized by
a combination of the resonator-mediated Q2-Q3 swap-
ping coupling and continuous resonant driving. When
Q2 and Q3 are red detuned from the resonator by the
same amount ∆
′
2 = ∆
′
3 that is much larger than the
corresponding qubit-resonator couplings, the resonator-
induced Q2-Q3 coupling strength is λ2,3 = g2g3/∆
′
2 [2].
Under continuous driving, the dynamics of Q2 and Q3 is
3described by the effective Hamiltonian [3]
Heff = ~
−λ2,3S+2 S−3 + ∑
j=2,3
Ωje
iϕjS+j
+H.c., (S2)
where Ωj and ϕj denote the Rabi frequency and phase of
the drive applied to Qj . We here assume that ϕ2 = ϕ3 =
ϕ. Under the condition |Ω2 − Ω3|  |λ2,3|, the effective
Hamiltonian approximates
H
′
eff = −
1
2
~λ2,3Sz,ϕ,2Sz,ϕ,3 + ~
∑
j=2,3
ΩjSz,ϕ,j , (S3)
where Sz,ϕ,j = |+ϕ,j〉 〈+ϕ,j | − |−ϕ,j〉 〈−ϕ,j |, with
|+ϕ,j〉 and |−ϕ,j〉 being the dressed states, de-
fined as |+ϕ,j〉 = (|0j〉 + eiϕ |1j〉)/
√
2 and
|−ϕ,j〉 = (|0j〉 − eiϕ |1j〉)/
√
2. When the phase of
each drive is inverted in the middle of the pulse with the
duration τ = pi/2λ2,3, this effective Hamiltonian leads
to the controlled pi-phase gate in the dressed-state basis
{|+ϕ,2〉 |+ϕ,3〉 , |+ϕ,2〉 |−ϕ,3〉 , |−ϕ,2〉 |+ϕ,3〉 , |−ϕ,2〉 |−ϕ,3〉}
up to single-qubit operations exp(ipiSz,ϕ,j/4).
For simplicity, we take ϕ = 0. Then the
evolution operator in the computational basis
{|02〉 |03〉 , |02〉 |13〉 , |12〉 |03〉 , |12〉 |13〉} is
U =
1√
2
 1 0 0 i0 1 i 00 i 1 0
i 0 0 1
 . (S4)
After the application of this evolution operator, each of
the four Bell states is transformed to a computational
state, with the correspondence given by Eq. (3) of the
main text.
The dressed-state phase gate is characterized by both
quantum process tomography and randomized bench-
marking in experiment. The χ matrix obtained by quan-
tum process tomography is shown in Fig. S2, with a
fidelity of 0.966±0.005, in agreement with that character-
ized by randomized benchmarking, which yields a fidelity
of 0.971±0.002.
4. EXPERIMENTAL PULSE SEQUENCES
The pulse sequence for entanglement swapping in the
normal temporal order is shown in Fig. S3(a), where the
time interval between Q2-Q3 readout pulse and Q1-Q4
readout pulse is about 40 ns. In our delayed-choice en-
tanglement swapping experiment, we choose to measure
Q2 and Q3 in the Bell basis or in the computational basis
after joint Q1-Q4 measurement has been performed. The
pulse sequence with the choice of measurement in the Bell
basis is shown in Fig. S3(b), where Q2-Q3 readout pulse
is applied about 219 ns after the end of Q1-Q4 readout
pulse. With this pulse sequence, the density matrices for
A Q1
Q3Q2Q4
1 2 3
800 ns 1100 ns
Q2,Q3 readout Q1,Q4 readout
219 ns 40 ns
Q1
Q3Q2Q4
800 ns 1100 ns
Q1,Q4 readout Q2,Q3 readout
40 ns
1 23B
Q1
Q3Q2Q4 800 ns 1100 ns
Q1,Q4 readout Q2,Q3 readout
40 ns
C
tomo pulse
tomo pulse
219 ns
193 ns
193 ns
193 ns
tomo pulse
40 ns
π pulse
FIG. S3: Experimental pulse sequence. (a) Pulse sequence for
normal entanglement swapping. The sequence is divided into 3
successive steps: 1. entangled state preparation; 2. Bell state mea-
surement (Q2 and Q3); and 3. quantum state tomography (Q1
and Q4). During the first step, each of the two qubit pairs Q1-Q2
and Q3-Q4 is tuned on resonance respectively for a specific time
(about 153 ns for Q1 and Q2 and 114 ns for Q3 and Q4) with
a rectangular pulse, realizing the
√
iSWAP gate. The pi-rotation
used in the first step and pi/2-rotation used in the third step are
realized by microwave pulses with a length of 40 ns and a full-width
half maximum of 20 ns. The second step involves a dressed-state
phase gate with a duration of about 219 ns and a multiplexed read-
out pulse of about 800 ns, during which two weak resonant drives
are applied to Q1 and Q4 respectively to minimize the dephasing
effect (Dotted blue box). (b) Pulse sequence for delayed-choice en-
tanglement swapping. Compared with (a), the temporal orders of
the second (Q2-Q3 Bell state measurement) and third steps (Q1-
Q4 quantum state tomography) are reversed. Similarly, Q2 and
Q3 are protected from dephasing noise during the readout of Q1
and Q4 (Dotted blue box). (c) Pulse sequence for delayed-choice
separable-state projection. Here Q2 and Q3 are measured in the
computational basis, which a posteriori projects Q1 and Q4 to a
separable state.
Q1 and Q4 reconstructed from the four data subsets asso-
ciated with the Q2-Q3 measurement outcomes |02〉 |03〉,
4|02〉 |13〉, |12〉 |03〉, and |12〉 |13〉 are displayed in Fig. 4(a)-
(d) of the main text, respectively. The pulse sequence
with the choice of measurement in the computational ba-
sis is shown in Fig. S3(c), where the dressed-state phase
gate is omitted before the detection of the states of Q2
and Q3, and Q2-Q3 readout pulse is applied about 40 ns
after the end of Q1-Q4 readout pulse. In this case, the
Q1-Q4 density matrices reconstructed from the four sub-
sets associated with the Q2-Q3 measurement outcomes
|02〉 |03〉, |02〉 |13〉, |12〉 |03〉, and |12〉 |13〉 are displayed in
Fig. 4(e)-(h) of the main text, respectively.
As can be seen from Fig. S3(a), Q2-Q3 Bell state mea-
surement is enabled by the combination of a dressed-
state phase gate operation and multiplexed readout pulse
which totally lasts about 1000 ns. During this period
of time Q1 and Q4 are idled and thus endure decoher-
ence effects. To mitigate these effects, following the de-
phasing suppression scheme proposed in Ref. [3], we ap-
ply weak continuous and resonant drives to these two
qubits respectively (dotted blue box) during their idle
time. As the phase is reversed in the middle of the driv-
ing pulse, the dephasing effect is reduced significantly,
thus the quantum state of Q1 and Q4 can be well pro-
tected. The same method is employed in delayed-choice
entanglement swapping experiment shown in Fig. S3(b),
where the protection pulse is applied to Q2 and Q3.
In our experiment, Q1-Q4 joint density matrices asso-
ciated with different Q2-Q3 measurement outcomes are
reconstructed by postselection. For each of the three
experiments shown in Fig. S3, we measure 24 proba-
bilities labelled as P k={P k01020304 , P k01020314 , P k01021304 ,
..., P k11121314}, where k is the index of the 32 tomo-
graphic operations applied to Q1 and Q4 before the joint
readout. After readout correction, the probabilities are
then sorted into four subsets, each of which is associ-
ated with one of Q2-Q3 measurement outcomes {|02〉|03〉,
|02〉|13〉, |12〉|03〉, |12〉|13〉}. For example, probabilities
P k0203={P k01020304 , P k01020314 , P k11020304 , P k11020314} are ex-
tracted to reconstruct the density matrix of Q1 and Q4
on condition that Q2 and Q3 are in |02〉|03〉 state. The
same method applies to other cases.
5. RESULTS WITHOUT READOUT ERROR
CORRECTIONS FOR BELL STATE
MEASUREMENT
To better justify the deterministic feature of our ex-
periment, we have also reconstructed the output density
matrices without performing readout error corrections for
the Bell state measurement, with the results for the nor-
mal entanglement swapping and delayed-choice entangle-
ment swapping shown in Fig. S4 and S5, respectively.
For the normal entanglement swapping, the fidelities of
the reconstructed Q1-Q4 output density matrices associ-
ated with the Q2-Q3 Bell state measurement outcomes
{|02〉 |03〉 , |02〉 |13〉 , |12〉 |03〉 , |12〉 |13〉} are 0.767 ± 0.008,
0.787±0.009, 0.796±0.010, and 0.839±0.010, and the cor-
responding concurrences are 0.540±0.017, 0.590±0.016,
0.603 ± 0.022, and 0.691 ± 0.020, respectively. For
the delayed-choice entanglement swapping, the fideli-
ties of the four conditional Q1-Q4 output density ma-
trices are 0.749 ± 0.009, 0.778 ± 0.010, 0.803 ± 0.009,
and 0.828± 0.010, while the corresponding concurrences
are 0.522 ± 0.019, 0.584 ± 0.020, 0.615 ± 0.018, and
0.667± 0.018, respectively. These results unambiguously
demonstrate that Q1 and Q4 are deterministically pro-
jected onto an entangled state after the swapping opera-
tion.
(a) (b)
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FIG. S4: Measured Q1-Q4 density matrices conditional on the
four Q2-Q3 measurement outcomes: (a) |02〉 |03〉; (b) |02〉 |13〉; (c)
|12〉 |03〉; (d) |12〉 |13〉. The results are obtained without performing
readout error corrections for the Bell state measurement.
6. NUMERICAL RESULTS
The imperfections of the experimental results mainly
come from the decoherence during the process. Numer-
ical simulations with decoherence considered are per-
formed to confirm the experimental outcomes. We use
Lindblad master equation to model the state evolution
under the Hamiltonian in section 1, with T1,j measured
in experiment. In simulation, we set the pure dephas-
ing time of Qj to be T
DD
φ,j listed in Table S1 due to the
fact that a resonant continuous drive is applied to each
qubit to dynamically decouple it from dephasing noises
when there is a significant interval between the Bell state
preparation and its state readout [3]. We note that al-
though no continuous drive is applied during the initial
Bell state preparation, the dephasing is also greatly de-
pressed due to the qubit-qubit interaction, which has
been discussed elsewhere [4].
Numerical simulation shows the product of Q1-Q2 and
Q3-Q4 Bell states produced by swapping interactions
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FIG. S5: Measured Q1-Q4 density matrices conditional on outcomes of delayed-choice Q2-Q3 measurement. (a)-(d) Results obtained
from the four subsets of data correlated with the outcomes {|02〉 |03〉, |02〉 |13〉, |12〉 |03〉, |12〉 |13〉} of Q2-Q3 measurement performed after
the dressed-state phase gate. (e)-(h) Results obtained from the four subsets of data correlated with the outcomes of the later Q2-Q3
measurement without the dressed-state phase gate. All these results are obtained without performing readout error corrections for the
Bell state measurement.
has a fidelity of 0.979 with respect to the ideal state,
which is in well agreement with the measured value of
0.971±0.009. For the dressed-state phase gate, the nu-
merical results yield a fidelity of 0.975, slightly higher
than the experimental value 0.966±0.005.
The measured probabilities of different Q2-Q3 basis
states, and the associated Q1-Q4 output state fidelities
and concurrences, together with the simulated results,
for the normal entanglement swapping, delayed-choice
entanglement swapping, and delayed-choice separable-
state projection are shown in Tables S2, S3, and S4,
respectively. The experimental results are in good agree-
ment with the numerical simulation overall. Fidelities in
delayed-choice entanglement swapping are higher than
those in the non-delayed case due to the fact that Q1-
Q4 joint state is detected earlier so that the measured
data is less affected by decoherence effects. The slight
differences between the experimental and numerical re-
sults are partly due to the fact that TDDφ,j , which is taken
as the effective dephasing time of Qj in our simulation,
does not perfectly characterize the effect of the dephas-
ing noises under continuous driving. As demonstrated
in Ref. [3], the qubit’s dephasing time depends not only
on intensity of the applied drive but also on its effective
interaction strengths with the others, which is not taken
into account in the simulation. Another reason for these
differences is imperfect control of the parameters of the
continuous drives, whose fluctuations affect the perfor-
mance of the dressed-phase gate and introduce an extra
error to the protected qubits.
According to the numerical simulation, after the par-
allel Bell state preparations Q1-Q4 has a small proba-
bility of being populated in |0114〉 when Q2-Q3 is pro-
jected to |0213〉 due to the imperfect large detuning con-
ditions, so that the elements associated with |0114〉〈1104|
and |1104〉〈0114| of the corresponding projected Q1-Q4
density matrix have a magnitude of about 0.065, which
accounts for the calculated Q1-Q4 concurrence (0.069)
corresponding to the Q2-Q3 output |0213〉 under the
delayed-choice separable-state projection. However, in
experiment the measured magnitude of these off-diagonal
elements is only about 0.02 due to imperfect timing,
to which these elements are extremely sensitive because
they oscillate very fast during the parallel entangling
gates. This magnitude is further reduced to about 0.007
by the delay of projection, during which extra noises are
introduced. Consequently the corresponding concurrence
is too small to detect in experiment. The difference be-
tween the calculated Q1-Q4 concurrence and the mea-
sured result corresponding to the Q2-Q3 output |1203〉,
shown in Table S4, is due to the same reason.
7. EXPERIMENTAL SETUP
Fig. S6 shows the whole control and readout lay-
out. The qubit control and readout are implemented
by FPGA-based digital-to-analog converter (DAC) and
analog-to-digital converter (ADC). Each control signal
output, measurement signal input and output channel is
filtered by a custom Gaussian low-pass filter with the
bandwidth of 7.5 GHz (for qubit XY control and for
readin and readout control) and of 500 MHz (for qubit
Z control), respectively. The XY control signal for each
qubit comes from the mixing of the low-frequency sig-
nals sent by two independent DAC channels I/Q and the
high-frequency signal produced by the microwave source,
which realizes the fast qubit flipping at the nanosecond
scale. While the qubit Z control signal is directly sent
from DAC without mixing, which enables the fast fre-
6Q2-Q3 probability distribution Q1-Q4 Fidelity Q1-Q4 Concurrence
Experiment(Simulation) Experiment (Simulation) Experiment (Simulation)
|02〉|03〉: 0.249±0.004 (0.250) |Φ+1,4〉: 0.893±0.010 (0.895) 0.794±0.020 (0.794)
|02〉|13〉: 0.250±0.006 (0.257) |Ψ−1,4〉: 0.879±0.010 (0.895) 0.779±0.020 (0.792)
|12〉|03〉: 0.255±0.005 (0.246) |Ψ+1,4〉: 0.872±0.011 (0.885) 0.758±0.024 (0.781)
|12〉|13〉: 0.246±0.004 (0.247) |Φ−1,4〉: 0.884±0.010 (0.893) 0.785±0.021 (0.792)
TABLE S2: Measured and calculated probabilities of different Q2-Q3 basis states, and the associated Q1-Q4 output state
fidelities and concurrences for the normal entanglement swapping.
Q2-Q3 probability distribution Q1-Q4 Fidelity Q1-Q4 Concurrence
Experiment(Simulation) Experiment (Simulation) Experiment (Simulation)
|02〉|03〉: 0.248±0.004 (0.251) |Φ+1,4〉: 0.891±0.012 (0.908) 0.815±0.026 (0.820)
|02〉|13〉: 0.256±0.005 (0.258) |Ψ−1,4〉: 0.891±0.012 (0.913) 0.816±0.024 (0.827)
|12〉|03〉: 0.248±0.006 (0.243) |Ψ+1,4〉: 0.896±0.010 (0.899) 0.806±0.022 (0.808)
|12〉|13〉: 0.248±0.006 (0.248) |Φ−1,4〉: 0.897±0.010 (0.908) 0.807±0.019 (0.821)
TABLE S3: Measured and calculated probabilities of different Q2-Q3 basis states, and the associated Q1-Q4 output state
fidelities and concurrences for the delayed-choice entanglement swapping.
Q2-Q3 probability distribution Q1-Q4 Fidelity Q1-Q4 Concurrence
Experiment(Simulation) Experiment (Simulation) Experiment (Simulation)
|02〉|03〉: 0.258±0.005 (0.258) |11〉|14〉: 0.907±0.011 (0.932) 0.016±0.018 (0.000)
|02〉|13〉: 0.250±0.005 (0.257) |11〉|04〉: 0.914±0.009 (0.934) 0.005±0.007 (0.069)
|12〉|03〉: 0.251±0.005 (0.245) |01〉|14〉: 0.930±0.009 (0.946) 0.004±0.005 (0.038)
|12〉|13〉: 0.241±0.008 (0.240) |01〉|04〉: 0.949±0.008 (0.958) 0.015±0.011 (0.000)
TABLE S4: Measured and calculated probabilities of different Q2-Q3 basis states, and the associated Q1-Q4 output state
fidelities and concurrences for the delayed-choice separable-state projection.
quency tuning. The frequency can also be tuned at a slow
rate through a direct-current (DC) biasing line, where the
signal generated from a low-frequency electrical source is
filtered by a RC filter and a 80 MHz low-pass filter before
it is converged to qubit Z control line through a bias tee
at the low temperature stage.
The output signal from the readout feed line is ampli-
fied sequentially by the impedance-transformed Joseph-
son parametric amplifier (JPA), high electron mobility
transistor (HEMT) and room temperature amplifiers be-
fore it is captured and demodulated by ADC. Four cryo-
genic unidirectional circulators with low insertion loss are
added between JPA and the device to block the reflec-
tions and noise emitted from the input of the HEMT at
the 4K stage. The JPA is pumped by an independent mi-
crowave signal source through the pumping line, where
the signal is filtered by a 13.1 GHz bandpass filter; the
JPA’s amplification band is tunable with a DC biasing
line, the signal on which is filtered with a RC filter as
well as a low-pass filter before it is converged to a bias
tee that connects the JPA pump line.
Every control line is balanced with some attenuators
at different temperature stage in the dilution refrigerator
to prevent the unwanted noises from affecting the device.
8. QUBIT READOUT
To realize the single-shot readout demanded in this
scheme, each Qj is capacitively coupled to its own read-
out resonator Rj , which can be probed by microwave
pulses output from the room-temperature DAC. During
the measurement, the readout pulse carrying 4 tones res-
onant with each Rj respectively are applied through a
common transmission line coupled to all Rjs. As the
resonators are pumped with photons which dispersively
interact with the qubits, the state information is encoded
in the readout signal returned from the device. At the
end of the microwave driving, the photons accumulated
in the resonator will leak into the transmission line with
a decay rate of κrj listed in Table S1. The returned sig-
nal is amplified by a JPA (see supplemental materials
of reference [2]) to enhance the signal-to-noise ratio be-
fore it is captured and further demodulated with uniform
integration weight by a room-temperature ADC. The I
and Q values extracted from the demodulation process
with each qubit in ground and excited state are illus-
trated in Fig. S7(b)-(e). The results are obtained from
3000 repetitive measurements. Fig. S7(a) shows the sig-
nal transmission spectra with JPA switched on and off.
The read pulse for each qubit has the length of about
0.8 µs or 1.1 µs, which depends on the temporal order of
measurement, as can be seen from Fig. S3.
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FIG. S6: The layout of the experimental setup. Diagram showing all the control and wiring for the experimental setup. The electronics
for the qubit control, JPA control, and qubit readout are shown from the bottom to the top. The red line corresponds to the qubit XY
control and measurement, while the blue line corresponds to the qubit Z control. The qubit XY control signal is from the mixing of the
signals of the two DAC channels I/Q and the microwave source, while the qubit Z control is directly produced by DAC without mixing.
These two types of qubit control realize the fast qubit flippling and frequency tuning at the nanosecond scale, respectively. Each qubit also
possesses a direct-current biasing line converging to the Z line for the larger-scale frequency modulation but at a slow rate. The output
signal is amplified sequentially by JPA, HEMT, room temperature amplifiers, and finally captured and demodulated by ADC. The JPA is
pumped by an independent microwave signal source and its amplification band is tunable with a DC bias. Each control line goes through
same attenuators and filters at each temperature stage in the dilution refrigerator to block the unwanted noises out the device.
The measurment effeciencies are also charaterized with
the method used in Ref. [5]. By comparing the results
of two kinds of experiments: the photon-induced dephas-
ing measured by Ramsey interference and the signal-to-
noise ratio measurement, we extract the measurement
efficiency, which has the values of 16 dB, 13 dB, 16 dB
and 15 dB for Q1, Q2, Q3 and Q4, respectively. Fig. S8
shows the results of measurement efficiency by taking Q2
as an example.
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8FIG. S7: (a) Signal transmission spectra through the measurement circuit (all qubits are in |0〉). The amplitudes of the demodulated
signal are plotted as functions of the signal frequency, the two curves correspond to the cases when JPA is ”ON” (blue) and ”OFF”
(orange), respectively. Five transmission dips appear at the readout resonators, which are labeled from R1 to R5 (R5 is unused). The
increased values in the longitudinal direction of the blue curve as compared to the orange one manifests the JPA’s ability to amplify the
signals. The measured gain ranges from 8 dBm to 22 dBm. (b) Q1, (c) Q2, (d) Q3, (e) Q4. Left panel: Demodulated I-Q data for
single-shot qubit state differentiation, where blue (red) dots are measured I-Q values when qubit is prepared in |0〉 (|1〉). The results are
achieved through 3000 repetitive measurements. Top-right panel: Distribution histogram along the axis (depicted as the dotted line) in
the left panel. Bottom-right panel: Measurement visibility by integrating the histogram along the dotted line axis, which has the value of
about 90%, 90%, 88%, and 80% for Q1, Q2, Q3, and Q4, respectively.
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FIG. S8: Measurement efficiency of the system (Q2 as an exam-
ple). Two kinds of experiments are performed. One is the measure-
ment of the photon induced qubit dephasing which can be chara-
terized by Ramsey fringe sequence, where a measurement pulse
with a variable power is applied in between the two pi/2-pulses, the
relative fringe visibility is measured and plotted as a function of
measurement pulse power (shown as blue squares). This measure-
ment reduces the visibility of the Ramsey fringes as the applied
pulse dephases the qubit. Another is the measurement of the read-
out distinguishability between the qubit’s ground and excited state.
This can be translated to a quantum limit on Ramsey fringe visi-
bility via the relation: |ρ10| ≤ 12 exp(−SNR4 ) (green circles), where
ρ10 is the off-diagonal term of the density matrix of the state of
the two-level system that indicates the phase coherence and SNR
indicates the signal to noise ratio. The plot of this quantum limit is
reshown by a left shift of it by 13 dB (red line), that passes through
the points of the relative Ramsey fringe visibility.
